An active antifouling diterpene was isolated from marine actinomycete strain PK209 and productivity was induced in a co-culture experiment. The active constituent was identified as the diterpene lobocompactol by interpretion of nuclear magnetic resonance and mass spectroscopy data. A PK209 co-culture was designed and a lobocompactol-resistant bacterium, KNS-16, was selected as co-culture competitor to induce lobocompactol production. Adding a small volume of 16-h-old KNS-16 culture to the 96-h-old PK209 culture caused rapid induction of lobocompactol production. The final yield was 2.7 mg/L, 10.4-fold higher than that collected from a single PK209 culture. The two bacteria, strains PK209 and KNS-16, were identified as Streptomyces cinnabarinus and Alteromonas sp. based on 16S rDNA sequencing. Lobocompactol showed significant antifouling activity, of 0.18 and 0.43 g/mL, for EC 50 against the macroalga Ulva pertusa and the diatom Navicula annexa respectively. It showed activity with MIC of 61-112 g/mL against fouling bacteria.
Fouling organisms in the aquatic environment cause economic and technical problems by settling on manmade surfaces. To date, tributyltin (TBT) and tributyltin oxide are the most effective solutions but they are the most toxic biocides ever introduced. 1) Antifouling paints containing Irgarol, chlorothalonil, dichlofluanid, and diuron are used against fouling organisms, but widespread pollution from these antifoulants has been reported. [2] [3] [4] These compounds have toxic effects on non-target organisms. Irgarol and diuron inhibit photosynthesis and dichlofluanid has mutagenic activity. 5) Various organisms such as seaweeds and invertebrates have been explored as potential sources of antifouling compounds, but one of the problems in developing an antifoulant is the sustainable supply issue. Hence our focus is centered on marine actinomyces as a promising source of antifoulants.
Actinomycetes from seaweeds and marine sediments have been isolated. 6) Actinomycetes possess a great ability to produce structurally diverse secondary metabolites, 7, 8) which might lead to the development of pharmaceutical and industrial chemicals. Despite the success of antibiotic and cytotoxic agent discovery, marine actinomycetes have received little attention in the search for antifouling agents. The aim of this study was to isolate antifouling compounds from marine actinomycetes and to identify co-culture conditions inducing productivity.
Competition between microbes in co-culture induces the biosynthesis of metabolic compounds. Nutrientlimited competition for substrates enhances interspecific interactions among bacteria. 9) Many studies have reported induced production of metabolites in mixed microbe fermentation cultures. Metabolite induction cocultures are usually created with fungus-fungus, fungusbacterium, and bacterium-bacterium mixtures. For example, in fungus-fungus fermentation, oospoglycol production of Gloephyllum abietinum was induced by co-culture with Heterobasidion annosum as competitor, and showed a 14-fold increase. 10) Production of acremostatins by Acremonium sp. was induced by the competitor Mycogone rosea. 11) In fungus-bacterium fermentation, levorin from Actinomyces levoris was induced by Candida tropicalis. 12) In bacterium-bacterium fermentation, increased yields of istamycin antibiotics have been reported for marine derived Streptomyces tenjimariensis in co-culture with unidentified marine bacteria. 13) In this study, an antifouling diterpene was isolated from marine actinomycete strain PK209. Diterpene production was induced by co-culture with a diterpene-resistant bacterium (KNS-16) as competitor. Strain KNS-16 was isolated from the surface of the rhizosphere of the seaweed, which was where strain PK209 isolated. Surface-associated bacteria live in a more competitive environment than free-living bacteria.
14) Hence, we used this bacterium as a co-culture competitor. Here we report on the isolation and identification of the main active antifouling compound lobocompactol, and on a co-culture experiment designed to induce productivity.
Materials and Methods
Marine actinomycetes and the extraction of bacterial metabolites. In a previous study, marine actinomycetes were isolated from sediments and the seaweed rhizosphere, collected at a depth of 10 m along the coast of Korea (Wando, Tongyoung, Pusan, Ulsan, Pohang, and Kangnung). 6) In total, 185 strains (87 isolates from seaweeds and 98 isolates from marine sediments) were grown in TBFeC medium (3 g of tryptone, 5 g of casitone, 4 g of glucose, 0.04 g of Fe 2 (SO 4 ) 3 4H 2 O, 0.1 g of KBr, 18 g of agar, and 1 L of sea water, pH 7.8), and cultured. The strains were cultured in 1-L flasks containing 250 mL of TBFeC y To whom correspondence should be addressed. Tel: +82-51-720-2481; Fax: +82-51-720-2498; E-mail: mskim@nfrdi.go.kr Biosci. Biotechnol. Biochem., 76 (10), [1849] [1850] [1851] [1852] [1853] [1854] 2012 broth medium for 7 d at 25 C with shaking at 215 rpm. Amberlite XAD-7 resin (20 g/L) (Fluka, Sigma, St. Louis, MO) was added to the culture, and the slurry was shaken for 6 h. The slurry was filtered by cheesecloth and the resin was collected. The resin was washed with 1 L of deionized water to remove salts and eluted with acetone to generate the crude extract.
Inhibition assays against macroalga zoospores and diatom. A typical fouling macroalga, Ulva pertusa, was collected in June and July 2010 from Anmyoundo, Korea. The U. pertusa thallus was transported to the laboratory and washed 3 times in sterile seawater to remove debris. It was quickly dried by pressing with paper towels and kept at 4 C for 1 d to maximize spore release. It was placed in seawater at 20 C under 80 mmol/m 2 /s light intensity for 1-2 d to induce spore release. 15) To make spore settlement sites, slide glasses were cleaned in 10% HCl for 24 h, rinsed in deionized water for 24 h, and used as spore settlement sites. Three of the slide glasses were placed vertically in a 100 mL beaker, and spores (7 Â 10 6 cells) were distributed in 75 mL of seawater with test compounds. The beaker was wrapped and left in the dark for 6 h at 20 C to allow for spore settlement. 15) The number of settled spores on each glass (4 Â 2:5 cm area) was counted. The diatom Navicula annexa was supplied by the Korea Marine Microalgae Culture Center at Pukyong National University. N. annexa was cultured under 70 mmol/m 2 /s light intensity on a 12:12(L:D) cycle at 20 C in f/2 medium, followed by inhibition assays. An initial cell density of 2:5 Â 10 4 cell/mL was inoculated, and the number of settled cells was counted after 7 d. Antifouling activity was expressed in terms of the LC 50 and EC 50 concentrations. LC 50 is the 50% lethal dose concentration of a compound for a fouling organism, whereas EC 50 is the concentration of inhibition for 50% of the fouling organisms. The therapeutic ratio LC 50 /EC 50 16) was used to evaluate the efficacy of an antifouling compound in relation to its toxicity. A therapeutic ratio of more than 15 is regarded as non-toxic. 1) To calculate LC 50 and EC 50 , the compounds were dissolved in DMSO, and a serial two-fold dilution was made, at which no inhibitory effect and no lethal effect was observed. A tread line was constructed after a concentration-response curve was plotted. All screening experiments were conducted in triplicate. The Irgarol was used as positive control, and seawater was used as the negative control.
Antibacterial activity assays. Biofouling strains were isolated from pieces of polystyrene that had been submerged for a month at a depth of 10 m at Ayajin in Korea in 2006. These pieces were rinsed with sterile seawater to remove loosely attached microorganisms, and two strains were isolated. The isolates were identified as Pseudomonas aeruginosa KNP-5 (NCBI accession no. HQ712124) and Pseudomonas sp. KNP-8 (NCBI accession no. JN578486). Antibacterial activity was determined in 96-well plates with brain-heart infusion medium. An initial density of 10 3 CFU/mL was inoculated and incubated at 27 C. After 24 h of incubation, growth was measured by the absorbance at 600 nm.
Isolation and identification of the antifouling compound. The crude extract of strain PK209 was adsorbed onto diatomaceous earth (Celite) and subjected to silica-gel flash column chromatography (100 g, 70-230 mesh). The mobile phase was a step gradient mixture of hexane/ ethyl acetate and ethyl acetate/methanol with increasing polarity to generate nine fractions. Fraction 7 was eluted with ethyl acetate/ methanol (1:1 v/v), and was collected for reverse-phased high performance liquid chromatography (HPLC). Separation was achieved on an uBondapak C18 reverse-phased column (Phenomenex, Torrance, CA; 10 Â 250 mm, 10 mm). Analysis was done on an Agilent 1200 liquid chromatography system and monitored at 220 nm with a UV detector (Agilent Technologies, Santa Clara, CA). Elution was performed by isocratic flow of 35% acetonitrile in water at a flow rate of 2 mL/min. During compound isolation, the hit ratio, (n1/ (n1 + n2)), for the compound showing activity for the target bioassay was measured, where n1 is the number of fractions or peaks containing active compounds, and n2 is the number containing inactive compounds.
17) The purified compound was analyzed via nuclear magnetic resonance (NMR) spectra on a JNM-ECP 600 NMR spectrometer (JEOL, Tokyo), using CDCl 3 . High resolution fast atomic bombardment mass spectroscopy (HR-FABMS) data were obtained from a JMS HX110 tendem mass spectrometer (JEOL) in positive ion mode. The structure of the purified compound was identified, and was confirmed to be identical to the physicochemical and spectral data in Minh et al.
18)
Selection of the antifoulant resistant bacterium. Twelve strains of marine bacteria were isolated from the rhizosphere of the seaweed Undaria pinnatifida, collected in Kangnung, Korea in 2006, and were identified based on morphology. An antifoulant-resistant strain was selected by the disc diffusion method. The isolates were cultured in brain-heart infusion agar with 1% NaCl at 25 C. After overnight culture, one half loopful (diameter 5 mm) of each isolate was suspended in 4 mL of 0.85% NaCl solution, and the suspension was spread on Muller-Hinton agar medium. Sterile filter paper, 6 mm diameter, containing 5 mL (200 mg) of antifoulant was placed on Muller-Hinton agar. The inoculated plates were incubated at 25 C for 24 h, inhibition zones were measured, and resistant bacterium strain KNS-16 was selected.
Identification of strains PK209 and KNS-16. Strains PK209 and KNS-16 were identified by a modification of the method developed by Suzuki et al. 19) The 16S rDNA to be sequenced was amplified using a bacterial DNA sample isolated with a High Pure PCR Template Preparation kit (Roche, Mannheim, Germany). The universal primers used were 27F (5 0 -AGA GTT TGA TCM TGG CTC AG-3 0 ) and 1492R (5 0 -GGT TAC CTT GTT ACG ACT T-3 0 ), and 20 pmol of each primer was inserted into a PCR Premix Tube (Bioneer, Seoul, Korea). Polymerase chain reaction (PCR) was performed on the following program: pre-denaturation at 94 C for 5 min, 30 cycles of denaturation at 94 C for 30 s, annealing at 55 C for 30 s, extension at 72 C for 2 min, and extension at 72 C for 7 min. After PCR, 20 mL of PCR products were electrophoresed on a 1.0% (w/v) agarose gel with 0.5 mg/mL, ethidium bromide. The PCR products were purified with a GeneAll Gel SV kit (General Biosystem, Seoul, Korea), and the purified PCR products were ligated into pCR2.1 TOPO vector (Invitrogen, Carlsbad, CA). The recombinant vector was used in the transformation of TOP10 competent cells. Plasmids were extracted using a GeneAll Plasmid SV kit (General Biosystem), and were used in sequencing, which was done with a Big Dye Terminator Cycle DNA Sequencing kit (ABI PRISM PE, Applied Biosystems, Foster City, CA). The 16S rDNA gene sequences were compared with the NCBI nucleotide database using the BLASTN program. C with shaking at 215 rpm. Cultures were monitored every day for antifoulant production by liquid chromatography mass spectrometry (LC-MS).
Antifoulant production analysis. PK209 extracts were analyzed by LC-MS to determine antifoulant production. An aliquot of 20 mL of each culture was withdrawn at 12-h intervals, extracted with ethyl acetate, and analyzed with a LC-MS-2020 instrument (Shimaz, Tokyo) with a reverse-phased C18 Phenomix column (4.6 mm ID Â 10 cm, 5 mm) at a flow rate 0.5 mL/min. The mobile phase consisted of acetonitrile and water. Elution was performed with a linear gradient of 10-100% acetonitrile over 30 min, and was monitored at 220 nm with a UV detector. Each of the samples was prepared at 1 mg/mL of crude extract, and 20 mL of sample was injected. The antifoulant was eluted at 15 min, and the peak area on the chromatogram was measured.
Results

Identification of bacteria
Antifoulant producing strain PK209 and resistant strain KNS-16 were identified based on partial 16S rDNA sequences. Strain PK209 showed 99% sequence identity with Streptomyces cinnabarinus based on NCBI BLAST analysis. Hence, strain PK209 was designated S. cinnabarinus PK209. Strain KNS-16 showed 99% sequence identity with Alteromonas sp. based on NCBI BLAST analysis (Table 1) , and was designated Alteromonas sp. KNS-16.
Compound identification and antifouling activity
Following bioassay-guided isolation against zoospore settlement, the extract (870 mg) from a 10-L culture was fractionated by silica-gel flash column chromatography. Fraction 7 (42 mg, hit ratio 0.11) was eluted with ethyl acetate/methanol (1:1 v/v), showing antifouling activity with an EC 50 value of 1.5, and was further subjected to reverse-phased HPLC. HPLC was performed with 35% isocratic acetonitrile in water to generate an antifouling compound that weighed 2.6 mg (hit ratio 0.06). The structure of this compound was analyzed by NMR spectra and HR-FABMS, and it was confirmed to be the diterpene lobocompactol. The compound was a colorless oil and had a molecular formula of C 20 H 32 O 3 based on FABMS ion peaks at m=z 321.2426 ½M þ H þ (calculated 321.2429). The H-17, dd, 3.1, 11 .2). Two additional hydroxyl protons were deduced by calculation from the Mass data. The physicochemical and spectroscopic properties were identical to the compound lobocompactol (Fig. 1) .
The antifouling activity of lobocompactol was determined against the primary fouling organisms, including macroalga zoospores, diatoms and bacteria. The antifouling profiles in terms of LC 50 , EC 50 , and MIC are shown in Tables 2-4 . Based on our results, lobocompactol inhibited Ulva pertusa spore settlement with a low EC 50 (0.18 mg/mL) and low toxicity (8.32 mg/mL). It showed a 46.2 therapeutic ratio, suggesting that it might be a useful antifoulant for macroalgae (Table 2) . Also, it had a large therapeutic ratio (>15) for microalgae (Table 3) . Fouling bacteria KNP-5 and KNP-8 were sensitive to it, and KNP-5 showed smaller MIC values than KNP-8 ( Table 4) .
Effect of Alteromonas sp. as a co-culture competitor on lobocompactol production
Co-culture experiments were designed with the PK209 culture and the KNS-16 competitor bacterium to induce lobocompactol production. Twelve bacterial isolates from seaweed were screened to isolate the lobocompactol-resistant strain by disk diffusion assay. Among these 12 isolates, five strains showed > 2.0 cm inhibition zones, three showed > 1.5-2.0 cm inhibition zones, three showed < 1.5 cm inhibition zones, and one (strain KNS-16) did not produce any inhibition zone. Lobocompactol-resistant strain KNS-16 was selected as the co-culture competitor.
PK209 grew exponentially at 84-120 h after inoculation. The stationary phase occurred at 120-144 h, and a decline in bacterial density was observed thereafter (Fig. 2) . Lobocompactol was produced by PK209 slowly (0.034 mg/L) at approximately 84 h after inoculation, but production increased within 168 h, peaking at 0.26 mg/L in batch culture (Fig. 2) . The growth curve of single KNS-16 culture was exponential immediately after inoculation, and reached stationary phase within 28 h (data not shown). Four co-cultures were established based on the mid-exponential phase of the two bacteria, PK209 (96 h) and KNS-16 (16 h). The cell growth of PK209 and lobocompactol production in the co-culture were monitored every 12 h. In the type 1 culture, the stationary phase was reached at 180 h, and lobocompactol production peaked at 216 h. In the type 2 culture, the stationary phase was reached at 168 h, and production peaked at 228 h. In the type 3 culture, the stationary phase was reached at 144 h, and production peaked at 168 h. In the type 4 culture, cell growth and production were similar to the single PK209 culture. Inoculation of 10 5 cells (type 2 culture) was more effective for cell Cells were cultured on TBFeC medium at 25 C. Cell growth was measured on solid TBFeC medium, and is expressed as CFU/mL ( ). Lobocompactol was measured based on the liquid chromatography-mass spectrometry peak area, and is expressed in mg/L ( ). growth (1.94 fold) and lobocompactol production (10.4-fold) compared to those in the single PK209 culture. Inoculation 10 6 cells (type 3 culture) resulted in a 1.5-fold increase in cell growth and an 8.03-fold increase in lobocompactol production (Fig. 3) . Figure 4 shows the LC-MS trace of the type 2 co-culture extract compared with the PK209 single culture. Lobocompactol production increased significantly during the PK209 stationary phase and peaked at the point of inactivation of PK209 for all culture types. Production increased during exponential growth and the stationary phase, and was maximum at the endpoint of the stationary phase. The KNS-16 competitor may have activated PK209 cell growth at an inoculation of 10 5 cells, whereas the cell growth of PK209 was less activated, with a higher KNS-16 cell density (10 6 cells). This might have occurred due to too much competition under the high cell density condition.
Discussion
Bacterial competition is believed to be a significant force accelerating the biosynthesis of biologically active compounds. Various studies have found that co-cultures can induce metabolite production. One of the most extensively studied microorganisms associated with induction of compound production is Monascus sp., cultured with Saccharomyces cerevisiae as competitor. This microorganism is able to induce a 40-fold increase in pigment production as compared to single Monascus sp. culture. 20) In the present study, very small amount of antifouling compound was isolated from S. cinnabarinus PK209 (0.25 mg/L). To induce productivity, PK209 was co-cultured with a competitor bacterium. Strain KNS-16 the competitor bacterium, was isolated from seaweed rhizospheres, where isolated strain PK209 also originated. Surface-associated bacteria live in a highly competitive environment, and the biosynthesis of secondary metabolites in surface-associated bacteria may be more common than in free-living bacteria. For this reason, two bacteria isolated from same source should be very good competitors in bacterial co-culture. The compound from S. cinnabarinus PK209 was successfully induced in co-culture with Alteromonas sp. KNS-16, a bacterial competitor. In another report on co-culture experiments, production of six toxins, including oosponol and oospoglycol, produced by Gloephyllum abietinum, was induced by a cell-free extract of Heterobasidion annosum.
10) Production of antibiotics in certain marine strains was induced by cells of Staphylococcus aureus killed with heat. 21) In an experiment by Shin et al., 20) metabolite production in Monascus sp. was induced by hydrolytic enzymes from a competitor microorganism. In the present study, a PK209 culture Absorbance at 220nm (mAu) was conducted by adding with the dead bacterial cells and cell-free KNS-16 extract. Neither the dead bacterial cells nor the extract induced lobocompactol biosynthesis (data not shown). Our results illustrate the induction of antifouling diterpene production in response to microbial interaction between two microbes. Lobocompactol belongs to the class of diterpenes, it has been isolated from the soft coral Lobophytum compactum, and shows cytotoxic activity, 19) but this is the first report of isolation of it from actinomycetes and its antifouling activity. Several diterpenes have been introduced as antifoulants. Dolabelane, isolated from the Brazilian brown alga Canistrocarpus cervicornis, inhibits mussel byssus formation, whereas pachydictiane, from the brown alga Dictyota sp., inhibits the growth of biofilm-forming bacteria. 22, 23) Briarane diterpenes discovered in the South China Sea gorgonian Junceella juncea have antifouling activity against barnacle cyprids. 24, 25) The literature indicates that diterpenes have promising antifouling activity.
The antifouling activities of the compound isolated were confirmed against primary fouling organisms, including bacteria, diatoms, and macroalgae zoospores. Microbial cells of these organisms produce extracellular polymers (EPs), with biofilms enmeshed in the EPs matrix. 26, 27) Then, marine invertebrate larvae utilize this biofilm as an indicator for settlement. 28) Thus, the inhibition of primary biofouling organisms is an important strategy in developing antifouling compounds. To explore non-toxic antifoulants, the therapeutic ratio (LC 50 /EC 50 ) is used, and a ratio greater than 15 indicates a nontoxic antifoulant. 16) Our bioassay results indicate that lobocompactol showed significant antifouing activity against primary fouling organisms. Lobocompactol had therapeutic ratios of 46.2 and 71.6 against zoospores of Ulva pertusa and the diatom Navicula annexa respectively, whereas the positive control (Irgarol) showed strong toxicity against U. pretusa and N. annexa based on small therapeutic ratios of 2 and 4 respectively. These results suggest that lobocompactol might be useful as an antifoulant. During compound isolation by HPLC, another four compounds in addition to lobocompactol were isolated. These compounds were analyzed by gas chromatography-mass spectroscopy, and were identified as 1,4-dimethy-benzenedicarboxylic acid, hexadecanic acid, 8-heptyl-pentadecane and 3-methyl-butanamide, but they showed no antifouling activity (data not shown).
In conclusion, the diterpene lobocompactol isolated from S. cinnabarinus PK209 showed significant antifouling activity, and production was induced by coculture with Alteromonas sp. KNS-16. This compound should be valuable in both marine ecology and the antifouling paint industry. These two strains are promising sources of antifoulants.
